zé p fasor 52, Hungary HmbB, a predominantly mitochondrial high-mobility group box (HMGB) protein, of Aspergillus nidulans affects diverse biological activities, such as sterigmatocystin production, the maintenance of mitochondrial DNA copy number, germination of asexual and sexual spores, and protection against oxidative stress agents. We hypothesized that the latter correlates with an unbalanced intracellular redox state, in which case, a not yet fully characterized physiological function could be attributed to this mitochondrial HMGB protein. Here, we studied the intracellular redox environment and oxidative stress tolerance in hmbB + and hmbBD strains under normal and oxidative stress conditions by measuring glutathione redox couple, intracellular reactive oxygen species (ROS) content and ROS-protecting enzyme activities. Our results revealed that the intracellular redox environment is different in hmbBD conidia and mycelia from that of hmbB + , and shed light on the seemingly contradictory difference in the tolerance of hmbBD mycelia to diamide and menadione oxidative stressors.
INTRODUCTION
High-mobility group box (HMGB) domain proteins participate in chromatin-organizing functions in eukaryotes through the ability of the HMGB to bind and bend DNA. In mitochondria, HMGB proteins regulate mitochondrial DNA (mtDNA) compaction, and affect mitochondrial recombination and replication processes (Brewer et al., 2003; Diffley & Stillman, 1991; MacAlpine et al., 1998; Miyakawa et al., 2010) . Mitochondrial HMGB proteins with similar functions are well known from yeasts to mammals, such as Abf2 in Saccharomyces cerevisiae (sorting of mtDNA in zygotes, ensuring mitochondrial recombination frequency, regulating mtDNA replication and compaction of mitochondrial nucleoid) (Brewer et al., 2003; Miyakawa et al., 2010; Zelenaya-Troitskaya et al., 1998) , Mthmg1 in Podospora anserina (maintaining mitochondrial genome stability, ensuring female fertility and ascospore germination) (Dequard-Chablat & Alland, 2002) , Gcf1 in Candida albicans and Candida parapsilosis (participating in mtDNA packaging, mtDNA replication and recombination) (Miyakawa et al., 2009; Visacka et al., 2009) , Ylmhb1 in Yarrowia lipolytica (mtDNA packaging and mtDNA copy number) (Bakkaiova et al., 2014) and Tfam in metazoans (participating in mtDNA replication, recombination and mitochondrial transcription) (Kaufman et al., 2007; Ngo et al., 2011; Rubio-Cosials et al., 2011) .
Each of the aforementioned organisms is affected to a different degree upon loss of its mitochondrial HMGB proteins. For example, the Abf2 protein is not essential in S. cerevisiae (Diffley & Stillman, 1991) , the absence of Mthmg1 in P. anserina results in a shortened lifespan (Dequard-Chablat & Alland, 2002) , the conditional Gcf1 null mutant of C. albicans is unviable ) and the homozygous deletion of the mouse Tfamcoding gene is embryonically lethal (Larsson et al., 1998) . Despite the pivotal role of Aspergillus nidulans HmbB in the maintenance of mtDNA, the protein is not essential, although the deletion has pleiotropic effects. Deletion mutants fail to produce the secondary metabolite sterigmatocystin (Karácsony et al., 2014) . Deletion of hmbB results in a w99 % decrease in conidiospore and ascospore germination ability, and a w99 % reduction in the copy number of mtDNA in conidiospores. Those conidiospores that are able to germinate (representing v1 % of total conidia) and produce mycelia contain 75 % less mtDNA than those of hmbB + strains (Karácsony et al., 2014) . The number and shape of the mitochondrial organelles in conidia and mycelia (both vegetative and reproductive) of the hmbBD strain are indistinguishable from that of the hmbB + strain on the basis of MitoTracker Red FM staining (Karácsony et al., 2014) . Remarkably, the hmbBD strains have increased sensitivity to menadione and decreased sensitivity to diamide oxidative stress agents (Karácsony et al., 2014) . The observed contradictory difference in sensitivity to the oxidative stressors raised the idea that hmbBD and hmbB + strains possess distinct intracellular redox capacity.
The redox capacity of a cell is regulated by many factors; among them the glutathione disulfide/glutathione couple system (GSSG/2GSH) is regarded as the principal cellular antioxidant and redox buffer. The intracellular redox environment and the network which involves enzymes for maintaining the redox state of the redox couple together with oxidative stress protective mechanisms determine the outcome of an exogenously generated oxidative stress. Normally, cells cope efficiently with endogenously and exogenously generated oxidative stress elements [e.g. reactive oxygen species (ROS)] through the protective thiols (e.g. GSH), protective enzymes [e.g. catalases (CATs)], superoxide dismutases (SODs), peroxidases, glutathione S-transferases (GSTs), nitroreductases, flavohaemoproteins], and enzymes that contribute to the maintenance of the redox couple systems [e.g. glutathione reductases (GRs), glutathione peroxidases (GPxs), glucose-6-phosphate dehydrogenases (G6PDs)] (Gille & Sigler, 1995) . As different oxidative stress-generating agents (e.g. menadione and diamide) may exert their biological effect via distinct mechanisms, they are useful tools to monitor the efficacy of oxidative damage defence in mutants where oxidative stress sensitivity differs from WT. Menadione generates superoxide anions (O 2 ?2 ) in a redox cycle that destroy 4Fe-4S proteins, leading to the formation of deleterious OH ? radicals. Defence mechanisms against menadione-generated OH ? involve GSTs that directly affect the protective GSH pool. Diamide is a thiol-oxidizing agent that causes the oxidation of 2GSH to GSSG and therefore deteriorates the intracellular GSH pool and also promotes the formation of protein-glutathione mixed disulfide (protein-S-SG).
Here, we explored the intracellular redox state of isotropicgrowth-phase conidia and mycelia of hmbB + and hmbBD strains with and without external oxidative treatment, and revealed the correlation between the hmbBD redox environment and the diamide resistance of hmbBD mycelia.
METHODS
Strains and growth conditions. The A. nidulans strains used in this study were veA1 (HZS.145) (Balázs et al., 2010) , further referred to as hmbB + , hmbB :: riboB + pabaA1 riboB2 veA1 (HZS.212) (Karácsony et al., 2014) , further referred to as hmbBD, and a Histagged HmbB protein-expressing strain where the pAN-HZS-4 vector (carrying pantoB + and hmbB-his-tag) was integrated in trans in hmbBD :: riboB + pabaA1 pantoB100 riboB2 veA1 (HZS.352) as a phenotype complementation control (Karácsony et al., 2014).
Glucose-nitrate minimal media supplemented with p-aminobenzoic acid (PABA) to 5 mM final concentration (MM+PABA) (http://www. fgsc.net/) and complete media were used for growth (Cove, 1966; Scazzocchio et al., 1982) .
Separation of the non-germinating portion of hmbB D conidia from the germinating conidia. The separation of the non-germinating and germinating conidia was based on the distinctive adhesion ability of germlings to glass surfaces. Conidia (2|10 9 ) were inoculated in 2 l glass Roux flasks containing 200 ml liquid MM+PABA and incubated at 37 uC for 8 h without shaking. The non-germinating conidia were discarded by pouring off the liquid media. Germlings that remained attached to the glass surface were collected with a sterile cell scraper, placed into a flask containing 300 ml MM+PABA and incubated at 37 uC with 180 r.p.m. agitation for additional times as required.
Inoculation from pre-grown mycelia for growth tests. The strains were grown on standard MM+PABA agar plates at 37 uC for 3 days and 3 mm diameter discs were excised by a cork borer from the conidia-free perimeter of the colonies. The discs were placed on top of agar plates face down.
Growth conditions for investigation of the intracellular redox state. For enzyme activity assays as well as glutathione and ROS measurements, 2|10 9 hmbB + conidia were used to inoculate 500 ml liquid MM+PABA in a shaking flask. Samples were taken after 3 (isotropic growth phase) or 36 h (mycelia). For the experiments involving oxidative stress agents, either 1.8 mM diamide or 0.8 mM menadione was added to the cultures after 30 h incubation and cultures were further incubated for 6 h before harvesting. For hmbBD, the non-germinating fraction of conidia was separated from germlings (see above) and the latter were further incubated for 28 h to obtain the 36 h cultures. All experiments were performed in triplicate.
Determination of ROS-related enzyme activities, NADP and NADPH content, and levels of glutathione, thiol, superoxide and total ROS in isotropic-growth-phase conidiospores and mycelia. Crude protein samples of swelling conidia and mycelia were obtained from 500 ml liquid MM+PABA cultures incubated at 37 uC with 180 r.p.m. agitation for 3 and 36 h, respectively. Conidia and mycelia were collected by filtration, washed once in distilled water and pulverized under liquid nitrogen in a mortar. Then, 2 ml phosphate buffer (0.5 %, w/v, KH 2 PO 4 ; 1 %, w/v K 2 HPO 4 ; 1.5 mM PMSF) was added to 500 mg mycelial powder, vortexed and centrifuged (13 000 g, 5 min, 4 uC). The supernatants were used for enzyme assays. The concentrations of crude protein samples were determined by Bradford assay (Bradford, 1976) . The G6PD (Emri et al., 1994) , GPx (Chiu et al., 1976) , GR (Pinto et al., 1984) , GST (Warholm et al., 1985) , SOD (Oberley & Spitz, 1984) and CAT (Roggenkamp et al., 1974) enzyme activities were measured by a 6800UV/Vis spectrophotometer (Jenway) in quartz cuvettes as detailed in each of the associated references. Enzyme activities were normalized to the total protein content of the samples. All experiments were performed in triplicate.
The NADP and NADPH contents of swelling conidia and mycelia were measured from *100 mg biomass. Mycelia were ground to powder under liquid nitrogen in a mortar. The measurement of NADP and NADPH was performed according to Tamoi et al. (2005) using a 6800 UV/Vis spectrophotometer (Jenway). The levels of pyridine nucleotides were normalized to dry weight. All experiments were performed in triplicate.
The intracellular levels of oxidized (GSSG) and reduced (GSH) glutathione were measured as described by Matsumoto et al. (1996) , and the thiol content was measured according to Butchko et al. (1999) using a 6800 UV/Vis spectrophotometer (Jenway). The GSSG, GSH and thiol contents were normalized to the dry weight of the mycelia or conidia. The measurements of the superoxide (Carter et al., 1994) and dichlorofluorescein diacetate (DCFDA)-oxidizing capacity (total ROS content) (Royall & Ischiropoulos, 1993) were performed using a Fluostar Optima fluorimeter (BMG Labtech) with minor modifications. Briefly, 10 ml liquid MM+PABA cultures of mycelia or conidia was treated with 10 mM hydroethidium or DCFDA for 1 h at 37 uC. The biomass was then centrifuged at 4000 g for 5 min and the pellets were extracted with 2 ml 5 % (w/v) sulfosalicylic acid at 4 uC for 20 min and then clarified by centrifugation (4000 g, 4 uC, 20 min). The extracts were neutralized with an equal volume of 10| TBE buffer (0.9 M Tris/0.89 M boric acid/25 mM EDTA, pH 8). The protein content of the samples was measured by the Bradford assay (Bradford, 1976) , where 200 ml aliquots of the samples were used for fluorescent measurements. In order to determine the amount of ethidium (485 nm excitation; 590 nm emission) or DCFDA (485 nm excitation; 520 nm emission) produced, ethidium bromide and FITC (Sigma) standards were used, respectively, in 0.31, 0.63, 1.25, 2.5, 5 and 10 mM concentrations. The measured fluorophore contents were normalized to the protein contents. All experiments were performed in triplicate.
Quantitative real-time (qRT)-PCR). Total RNA was isolated from mycelia (22 h) using a NucleoSpin RNA Plant kit (Macherey-Nagel) and RNase-Free DNase (Qiagen) according to the manufacturers' instructions. For the hmbBD strain, the non-germinated fraction of conidia was separated from germlings (as described above) and the latter were used to produce 22 h mycelia. cDNA synthesis was carried out with a mixture of oligo-dT and random primers using a RevertAid First Strand cDNA Synthesis kit (Fermentas). qRT-PCR was carried out in a CFX96 Real-Time PCR System (Bio-Rad) with SYBR Green/Fluorescein qPCR Master Mix (Fermentas) reaction mixture (94 uC for 3 min followed by 40 cycles of 94 uC for 15 s and 60 uC for 1 min). Specific primers are listed in Table 1 . Data processing was performed by the standard curve method (Larionov et al., 2005) .
Measurement of oxygen consumption rate of swelling conidia and mycelia-derived protoplasts. Oxygen consumption measurements were performed as described previously (Yu et al., 2004) with some modifications. Conidia obtained from 3-day-old colonies were incubated in liquid MM+PABA at 37 uC for 3 h with 180 r.p.m. shaking. The protoplasts were prepared from mycelia grown over cellophane (Ferenczy et al., 1975; Kevei & Peberdy, 1977 ) using a 4 % (w/v) solution of Glucanex (Novozymes) in 0.7 M KCl. Oxygen consumption rates were measured with a Respire 1 Clark-type oxygen electrode (Hansatech). Measurements were carried out at 25 uC in 1 ml liquid MM+PABA, which was supplemented with KCl up to 0.7 M final content in the case of protoplast samples. Samples contained 10 8 conidia or 10 7 protoplasts. Oxygen consumption rates were measured for 10 min. Oxygen-saturated (40 mg O 2 ml 21 at 25 uC) and nitrogen-saturated (0 mg O 2 ml 21 ) distilled water samples were used as standards for calibration. All measurements were performed in triplicate.
RESULTS
IC 50 values of menadione and diamide differ against hmbBD and WT We reported previously that the hmbBD strain displayed hypersensitivity to 0.4 mM menadione and resistance to 1.8 mM diamide as compared with the hmbB + strain (Karácsony et al., 2014). In this study we determined the IC 50 of these compounds by measuring the colony size of hmbB + , hmbBD and a complementation control strain (HZS.352) in the range of 0.025-0.4 mM menadione ( Fig. 1 ) and 0.05-3 mM diamide (Fig. 2) . We found that the IC 50 of menadione was between 0.2 and 0.4 mM against hmbB + and HZS.352, whilst it was between 0.05 and 0.1 mM against the hmbBD strain ( Fig. 1) . Moreover, the mutant strain completely lost viability in the presence of w0.1 mM menadione. The IC 50 of diamide was 1.6 mM (Fig. 2) . For each examined concentration, the mutant displayed a measure of resistance against diamide. Furthermore, a 9 and 12 % growth increase was observed in this strain (Pv0.05 and Pv0.005) at 0.05 and 0.1 mM diamide, respectively (Fig. 2) . These results led us to the question of whether the intracellular redox environments and oxidative stress responses of hmbB + and hmbBD were different.
Effects of hmbB deletion on the intracellular redox state in isotropic-growth-phase conidia and in mycelia
The redox environment of the hmbB deletion mutant and hmbB + strains was studied by measuring the amounts of the oxidized form of intracellular glutathione (GSSG), total glutathione amount (GSH+GSSG), total thiol, NADPH and NADP. In order to have an overview of the ROS load of hmbB + and hmbBD strains, we measured the superoxide and the total ROS contents.
The results presented in Table 2 HmbB modulates the redox environment in A. nidulans NADPH content of hmbB + and hmbBD conidia did not differ; however, the level of NADP was 7.9-fold higher (Pv0.0005) in hmbBD conidia. hmbBD conidia showed GPx, G6PD and SOD activities 3.4, 4.4 and 3.4-fold lower (Pv0.005), respectively, than hmbB + conidia. The CAT activity was 7.3-fold lower (Pv0.0005) in hmbBD conidia compared with hmbB + conidia.
In the mutant mycelia the GSSG level was 4.4-fold higher (Pv0.0005) and the total glutathione was 1.9-fold higher (Pv0.05) than in hmbB + ( Table 2 ). The total ROS load of mycelia was not different between hmbBD and hmbB + ; however, the superoxide content was 1.8-fold higher (Pv0.005) in the hmbBD strain. The level of NADPH was 1.4-fold lower (Pv0.005) and the NADP content was 3.2-fold higher (Pv0.05) in hmbBD mycelia in comparison with hmbB + . The GST, G6PD and SOD activities were 1.7, 3.5 and 1.8-fold higher (Pv0.05), respectively, in hmbBD mycelia than in hmbB + . The CAT activity was 2.1-fold lower (Pv0.05) in hmbBD mycelia compared with hmbB + mycelia.
Effect of menadione and diamide on the redox state of hmbBD mycelia
The results described above strongly indicated that hmbBD mycelia were subject to an endogenous oxidative stress (see Discussion for details). The next question raised was whether the mutant strain was competent to deal with oxidative stress stimuli. The oxidative stress response of hmbBD and hmbB + mycelia was studied after menadione and diamide treatment. The concentrations of the stressors were chosen to match those frequently used in oxidative stress studies of A. nidulans (0.8 mM menadione and 1.8 mM diamide), enabling us to interpret our results in the context of relevant physiological, transcriptomic and proteomic data (Pó csi et al., 2005; Pusztahelyi et al., 2011) . Table 2 show that 0.8 mM menadione treatment of mycelia of the hmbB + strain resulted in a 1.6-fold increase in superoxide (Pv0.005) content, whilst the total ROS content showed a 1.4-fold decrease (Pv0.005) and a 2.3-5.6-fold increase in ROS protective GR (Pv0.05), GPx (Pv0.05), GST (Pv0.005), G6PD (Pv0.005) and SOD (Pv0.005) enzyme activities. The total glutathione level decreased by 2.6-fold (Pv0.005) and the GSSG level decreased by 4.2-fold (Pv0.005). In hmbBD mycelia menadione caused a decrease in superoxide content (1.4-fold, Pv0.05), a doubling of total ROS content (2.1-fold change, Pv0.005), an 8.5-fold increase in GR (Pv0.005) and GST (Pv0.0005) activities, a 5.3-and 2.3-fold increase in GPx (Pv0.005) and SOD (Pv0.005) activities, and a 1.6-fold decrease in G6PD (Pv0.005) activity. The total glutathione level of hmbBD mycelia showed a 1.9-fold decrease (Pv0.005), whilst there was no change in the GSSG level. All these data indicate that the menadione-treated hmbBD mycelia were subject to oxidative stress to a higher extent than the menadione-treated hmbB + mycelia.
The results presented in
Diamide (1.8 mM) treatment of hmbB + mycelia caused a 3.1-fold decrease (Pv0.005) of total glutathione level, and a 4.5 and 3.1-fold (Pv0.05 and Pv0.0005) increase of G6PD and SOD enzyme activity. In the hmbBD strain, the ROS protective GR and GPx enzyme activities decreased by 2.7-and 2-fold (Pv0.05) upon diamide treatment, the GST activity increased by 2-fold (Pv0.05), and, quite remarkably, there was no change in the total glutathione level. These data indicate that whilst the hmbB + mycelia were subject to oxidative stress, the hmbBD mycelia were relieved of the endogenous oxidative stress to a certain extent.
Absence of HmbB changes the transcription profile of genes coding for redox homeostasis and stress-responsive proteins
Transcriptomic and proteomic studies of oxidative stress responses and the glutathione couple system in A. nidulans (Pó csi et al., 2005; Pusztahelyi et al., 2011; Sato et al., 2009 ) revealed a wide range of genes and proteins that are involved in the defence mechanisms against oxidative damage or have a key role in the maintenance of the intracellular redox environment. Some of the reported genes were tested in this study and transcription levels relative to actin were compared between hmbB + and hmbBD mycelia (Fig. 3) .
GSTs are important components of the oxidative damage protective system, mainly through the glutathionylation of the redox-active thiol group carrier proteins. Some GSTs, however, oxidize GSH to GSSG and act as GPxs and disulfide reductases (glutaredoxins). We monitored the relative mRNA levels of gstA (Fraser et al., 2002) , gstB (Sato et al., 2009) , five putative GST genes (AN10273, AN0815, AN2948, AN5831 and AN6158) and four putative glutaredoxin genes (gpxA, AN3255, AN4215 and AN4304). gstA, gpxA, AN3255, AN4304, GstB and AN10273 were found to be oxidative stress-induced genes/proteins in previous high-throughput studies (Fraser et al., 2002; Pó csi et al., 2005; Pusztahelyi et al., 2011) , so we selected them for our investigation. The function of the remaining GST and glutaredoxin genes (AN0815, AN2948, AN5831, AN6158 and AN4215) is unknown, and they were chosen randomly from the AspGD database (Arnaud et al., 2012) for investigation. As shown in Fig. 3 , the relative mRNA levels of gstA and AN1023 genes were 12.8 and 2.7-fold higher in hmbBD mycelia than in hmbB + , respectively; and the relative transcript level of gstB was 2.9-fold lower. The predicted GSTs AN0815, AN2948, AN5831 and AN6158 were highly upregulated in hmbBD mycelia (by 17.5-, 7.5-, 2.4-and 51.1-fold, respectively). The relative mRNA levels of the predicted glutaredoxin genes gpxA, AN3255, AN4215 and AN4304 were 4.6, 1.3, 3.5 and 5.1-fold higher, respectively, in hmbBD mycelia than in hmbB + .
GlrA is a GR, which reduces GSSG to GSH and is therefore pivotal for the functioning of the main redox couple of the cells, i.e. the glutathione redox couple (Sato et al., 2009) . The absence of glrA leads to the upregulation of the expression of trxR [thioredoxin reductase (TR), also known as trrA ], catB (CAT) and gstB which offsets the increased oxidative redox state due to GlrA depletion (Sato et al., 2009) . The interplay between the glutathione couple system and other redox systems led us to the study of trxR and catB expression together with that of glrA. We found that glrA expression was elevated by 2.8-fold in hmbBD mycelia, and the expression levels of trxR and catB showed 2.1-and 1.8-fold increases, respectively. TrxR and GstB have also been detected as menadioneresponsive proteins in high-throughput proteomic experiments upon 6 h 0.8 mM menadione treatment (Pusztahelyi et al., 2011) together with FhbA (flavohaemoprotein) and AN2343 (putative nitroreductase). We monitored the mRNA levels of the two latter genes, and found that fhbA HmbB modulates the redox environment in A. nidulans and AN2343 transcript levels were 15.7-and 4.3-fold higher in the hmbBD strain than in the hmbB + strain.
As superoxide content and SOD enzyme activity were twofold higher in hmbBD mycelia than in hmbB + , the expression levels of sodA, sodB and sodM were monitored. As shown in Fig. 3 , sodA and sodB mRNA levels were 2.6-and 1.8-fold higher in hmbBD mycelia, whilst the sodM transcript level was 2.3-fold lower.
Oxygen consumption of the hmbBD strain is comparable with WT The differences found between the intracellular redox states of an hmbB + and an hmbBD strain can be the result of malfunctioning mitochondria in the deletion strain. Therefore, we measured the oxygen consumption of swelling conidia (3 h) and mycelia (16 h)-derived protoplasts of the hmbB + , hmbBD and complementation control strain HZS.352 (Fig. 4) . Unexpectedly, we obtained WT levels of oxygen consumption in the deletion strain.
DISCUSSION
Whilst the total glutathione (GSH+GSSG) level did not change in hmbBD conidia compared with WT, we observed 20-fold lower GSSG content in this strain, which indicates that both the reduction potential and the reducing capacity of the glutathione redox couple are markedly different from hmbB + . Together with the observed lower levels of ROS content and SOD activity, we conclude that hmbBD conidia are in a highly reductive redox state. We propose that the highly reductive redox state of hmbBD conidia may be a contributing, if not the only, factor responsible for the defective germination of conidiospores reported by Karácsony et al. (2014) .
The main features of the distinct intracellular redox environment found in hmbB + and hmbBD mycelia (Table 2 ) are shown in Fig. 5 . The higher GSSG content in hmbBD mycelia in comparison with hmbB + reflects a shift of the glutathione redox couple in the mutant toward an oxidative redox state, which is only partially compensated by the elevated level of GSH and thus by the increase in the reducing capacity of the redox couple. However, the detected shift in the glutathione redox system towards an oxidative redox state, the doubled superoxide content and the doubled SOD activity together indicate that hmbBD mycelia are subject to an endogenous oxidative strain (Fig. 5) . We hypothesize that the paradoxical menadione-sensitive and diamide-resistant phenotype of the hmbBD strain is due to the changes in the glutathione redox system and the endogenous oxidative stress.
During menadione treatment, the total glutathione level of hmbBD mycelia decreased by half, similar to that of hmbB + mycelia; however, the GSSG level unexpectedly remained unchanged in the mutant (Fig. 5 ). Importantly, the GSSG level of the hmbB + mycelia decreased by 4.2-fold, which could be a compensatory mechanism for maintaining the redox potential of the glutathione redox couple (Fig. 5) . This compensatory mechanism is clearly dysfunctional in hmbBD mycelia (Fig. 5) , resulting in the shift of the glutathione redox couple toward a more oxidative redox state. The proposed higher oxidative strain in the mutant mycelia upon menadione treatment is also supported by experimental evidence. The G6PD activity dropped to a 1.6-fold lower rate, despite some components of the glutathione redox cycle being hyperactivated (8.5-fold increase in GR and GST activities, 5.3-fold increase in GPx activity). As G6PD is responsible for the reduction of NADP to NADPH, with the latter being the thermodynamic driving force of the glutathione redox systems by maintaining the redox cycle, the G6PD activity may become a limiting factor in the mutant mycelia. The decrease in G6PD activity led to a reduced glutathione redox cycle capacity and therefore the hmbBD cells failed to efficiently replenish the reducing power.
Diamide exerts its biological effect mainly through the direct depletion of the GSH pool, thus changing the redox capacity of the glutathione redox couple (see hmbB in Fig. 5 ). The observed resistance of the hmbBD mycelia upon diamide treatment may be related to its GSH content, which is remarkably kept at a steady level in this mutant, but severely depleted in hmbB + mycelia (Fig. 5) . We propose that the elevated GSH production, which is possibly a result of a compensatory response to the elevated GSSG level in the untreated hmbBD mycelia, is responsible for the diamide-resistant phenotype of the mutant.
The comparison of the NADPH and NADP content of swelling conidia and mycelia of hmbB + and hmbBD strains in the context of the glutathione recycling process revealed that the NADPH contents of hmbBD conidia and mycelia were paradoxical in the face of the observed NADP contents and G6PD activities. In conidia, the NADPH content was the same in hmbB + and hmbBD strains; however, the NADP level was 7.9-fold higher and the G6PD activity was 4.4-fold lower than in hmbB + . The NADPH level correlated well with the GSSG and GSH content and GR activity, supporting that the intracellular environment in conidia is reductive. Remarkably, we found that a WT-like NADPH level was maintained in the swelling conidia, despite the G6PD activity being considerably lower. The most obvious explanations for this phenomenon may be the upregulation of metabolic processes other than the pentose phosphate pathway, which result in NADPH production [e.g. malic enzyme route, isocitrate route, glutamate route or the recently discovered 10-formyl-tetrahydrofolate pathway according to Fan et al. (2014) ], and the enhancement of the mitochondria-dependent reduction of NADP by transhydrogenases and NADH. The opposite was observed in hmbBD mycelia. There, despite the 3.2-fold higher level of NADP content and 3.5-fold increase of the G6PD activity, the NADPH content was 1.4-fold lower than in hmbB + mycelia. The depletion of the NADPH level contributes to the oxidative intracellular environment in hmbBD mycelia in conjunction with the high accumulation of GSSG and non-sufficient increase in GSH level. The reasons for the NADPH leakage may include the enhancement of NADPH-requiring metabolic processes and/or the mitochondrial P450 systems, which reduce oxygen by a single electron to produce the harmful superoxide radical. In fact, the superoxide level in the hmbBD mycelia was elevated in comparison with hmbB + and the source of the superoxide production is likely to be other than respiration as respiration of hmbBD mycelia is indistinguishable from that of hmbB + (discussed below). These observations may support the involvement of the P450 system in superoxide production and explain the unexpectedly low level of NADPH in hmbBD mycelia.
The transcription profiles of genes identified in highthroughput transcriptomic/proteomic studies on menadione-treated mycelia (Pó csi et al., 2005; Pusztahelyi et al., 2011) changed significantly in hmbBD mycelia. Total GST activity was nearly doubled in hmbBD mycelia and we found that transcription levels of all the known or predicted GST-coding genes, except one (gstB), were upregulated in the hmbBD strain. The explanation for the intriguing downregulation of gstB may be connected to the elevated glrA transcription. A study by Sato et al. (2009) has shown that gstB is upregulated in a glrAD genetic background. In an hmbBD strain, the transcription of glrA is upregulated by 2.8-fold and gstB is downregulated by 2.9-fold, which would be consistent with downregulation of glrA upon gstA overexpression.
All the studied known or predicted glutaredoxins were upregulated in hmbBD mycelia. As glutaredoxins are powerful GSH-dependent disulfide reductants, it is reasonable to suggest that the elevated intracellular level of GSSG in hmbBD mycelia correlates with the upregulation of glutaredoxin genes. Moreover, the upregulation of glutaredoxin genes could indicate that the intracellular oxidative stress affects the intracellular redox-sensitive proteins (proteins with thiol groups) in hmbBD mycelia. Table 2 . Untreated mycelia were grown in MM+PABA for 36 h. Menadione-and diamide-treated mycelia were grown for 30 h in MM+PABA, and then the cultures were supplemented with 0.8 mM menadione or 1.8 mM diamide and further incubated for 6 h.
Interestingly, the transcription of those predicted GST and glutaredoxin genes with unknown physiological roles, which were chosen randomly from the AspGD database (Arnaud et al., 2012 ) (AN0815, AN2948, AN5831, AN6158 and AN4215), showed significant upregulation in hmbBD mycelia. These results indicate that these genes are involved in the functioning of the glutathione couple system and in protection against oxidative damage, therefore being potentially interesting candidates for future studies of redox biological processes.
The total GR activity did not differ in hmbBD and hmbB + mycelia, although we measured a 2.8-fold higher mRNA level of glrA. Either the elevated transcription activity does not result in a comparable increase of protein level and/or other factors (other GRs, post-translational modifications) could influence the GR activity.
The total SOD activity was doubled in hmbBD mycelia and we found that sodA expression showed a 2.6-fold higher level in the mutant mycelia in comparison with hmbB + , whilst changes in sodB and sodM expression were not significant. We suggest that SodA is a dominant responsive protein upon the observed endogenous intracellular oxidative stress in the hmbBD mycelia.
As respiration is accompanied by the continuous production of harmful ROS, we hypothesized that the quantitative differences in the superoxide content between hmbB + and hmbBD samples (conidia and mycelia) ( Table 2 ) are due to an alteration in the respiratory activity. Unexpectedly, the respiration of conidia and mycelia was very similar in the mutant and WT. Very recently, the mitochondrial nucleoid organizer HMGB protein Ylmhb1 was identified in Y. lipolytica, and despite the mtDNA copy number and mitochondrial transcription level being reduced in the mhb1-deleted strain, the mitochondrial respiration of the mutant was shown not to differ from WT (Bakkaiova et al., 2014) . These results on Yarrowia support our findings and we propose that either HmbB functions do not influence respiratory activity or, if they do, this is compensated for by the action of other proteins.
An intriguing relation between oxidative stress, secondary metabolite production and sexual development has been unfolding during the last few years in Aspergillus, which was initiated by the work of Reverberi et al. (2007) on Aspergillus parasiticus and Aspergillus ochraceus, and further studied by many others (Baidya et al., 2014; Grintzalis et al., 2014; Reverberi et al., 2012; Wartenberg et al., 2012; Yin et al., 2013) . In A. nidulans, the stress response proteins NapA and DlpA have been shown to play a role in developmental processes and sterigmatocystin production (Wartenberg et al., 2012; Yin et al., 2013) . In this work, we outlined the importance of HmbB -a protein that seriously affects vegetative and sexual spore viability and sterigmatocystin production (Karácsony et al., 2014) -in maintaining the cellular redox environment. Dissecting whether the three biological processes are directly or indirectly coupled by the HmbB protein, or whether they are affected by separate routes, would be an interesting basis of further studies.
CONCLUSION
We revealed that the HmbB protein plays an important role in the redox homeostasis of A. nidulans and contributes to ROS protective mechanisms. Our results suggest that metabolic processes which influence the redox environment of the cell might be affected by HmbB. A similar role has not been elucidated yet for the mitochondrial HMGB proteins of other organisms (Abf2 of S. cerevisiae, Gcf1 of C. albicans, Mthmg1 of P. anserina, Ylmhb1 of Y. lipolytica, and Tfam in mouse and human). Remarkably, HmbB shows a scanty nuclear localization (Karácsony et al., 2014) in A. nidulans, which may have a role in redox homeostasis and metabolic processes independently from its predominant mitochondrial localization.
